The establishment and maintenance of cell polarity is important to a wide range of biological processes ranging from chemotaxis to embryogenesis. An essential feature of cell polarity is the asymmetric organization of proteins and lipids in the plasma membrane. In this article, we discuss how polarity regulators such as small GTP-binding proteins and phospholipids spatially and kinetically control vesicular trafficking and membrane organization. Conversely, we discuss how membrane trafficking contributes to cell polarization through delivery of polarity determinants and regulators to the plasma membrane.
C ell polarity is essential in most if not all eukaryotes for their development and physiological functions at the tissue and organism level. Although there are significant differences in gross morphology and function among various tissues and organisms, at the cellular level, the establishment and maintenance of cell polarity tend to follow common themes.
A basic feature of cell polarity is the asymmetric organization of the plasma membrane (see McCaffrey and Macara 2009; Nelson 2009 ). This is mostly achieved through membrane trafficking along cytoskeleton tracks under the control of signaling molecules. In general, membrane trafficking occurs through sequential budding, transport, and fusion of vesicles from donor membranes to acceptor membranes (for recent reviews, see Bonifacino and Glick 2004; Cai et al. 2007 ). During budding, protein complexes interact with phospholipids to induce membrane curvature and generate vesicular carriers that capture different cargos from the donor compartments. After vesicles form, they are delivered to their acceptor compartments, most often along the cytoskeletons. Vesicle fusion at the acceptor membrane is mediated by the assembly of SNARE (soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptors) complexes. Before membrane fusion, proteins or protein complexes tether the vesicles to the acceptor membranes and likely promote SNARE assembly. The Arf and Rab family of small GTPases are localized to different membrane compartments and regulate various stages of membrane trafficking.
Polarized distribution of proteins at the plasma membrane often results from a balance of vesicle delivery and fusion with the plasma membrane ("exocytosis"), two-dimensional spread through the plasma membrane ("diffusion"), and internalization and membrane recycling ("endocytosis"). There are two main layers of regulation that control polarized protein transport and incorporation to the plasma membrane. The first involves sorting at the trans-Golgi network (TGN) and endosomal compartments, such as the recycling endosomes. Protein sorting involves recognition of sorting signals in the cargo proteins by the adaptor protein (AP) complexes. There are a number of different AP complexes, and each is localized to different membrane compartments and captures distinct sets of cargo proteins before targeting to their correct destination. Protein sorting before delivery to different domains of the plasma membrane has been best characterized in epithelial cells, which have distinctive basolateral and apical domains separated by junctional complexes. This layer of regulation has been discussed in a recent review (Mellman and Nelson 2008) and is further discussed by Nelson (Nelson 2009) , so it will not be discussed further here.
The second layer of regulation of membrane protein polarization is through the polarized tethering and docking of vesicles at specific domains of the plasma membrane (Fig. 1) . Tethering proteins (i.e., the exocyst) target secretory vesicles to specific domains of the plasma membrane and SNARE assembly eventually drives membrane fusion. Proteins at the plasma membrane can be retrieved back into the cell via endocytosis. These proteins are internalized via clathrin-coated pits, and transported through different endosomal compartments either for degradation in the lysosomes or for recycling back to the plasma membrane. The endosomal compartment that mediates the transport of internalized plasma membrane proteins back to the cell surface is called the "recycling endosome." Recycling endosomes are major sources of cargo destined to the plasma membrane for exocytosis in many types of cells.
Signaling molecules such as the Rho family of small GTPases spatially and kinetically Membrane trafficking to the plasma membrane. Schematic of the endocytic and exocytic routes involving trans-Golgi network (TGN), endosomal compartments, and the plasma membrane. During exocytosis, cargo leaves the TGN or recycling endosomes in vesicular carriers to the plasma membrane. Once on the membrane, proteins can be internalized and transported to early endosomes, and then either travel through late endosomes to the lysosome to be degraded or return to the plasma membrane through the recycling endosomes. Early endosomes may serve as sorting stations for the next stages of cargo transport.
regulate membrane trafficking during cell polarization (see McCaffrey and Macara 2009; Slaughter et al. 2009 ). Reversely, vesicular trafficking is required for the polarized deposition and accrual of these regulators. In the first part of this article, we examine the membrane organization and dynamics of cell polarity, focusing on the polarized tethering and docking of vesicles at the plasma membrane. We highlight key components and regulators of polarized exocytosis including the exocyst, small GTPases, and phospholipids. We also use different organisms and systems to show analogous mechanisms during cell polarization. In the second part of this article, we focus on the aforementioned reciprocal effects of cell polarity and membrane trafficking using two representative examples, one from yeast (Cdc42 polarization) and one in mammalian epithelial cells (E-cadherin trafficking).
SPATIAL REGULATION OF MEMBRANE TRAFFIC
Exocytosis-vesicle docking and fusion with the plasma membrane-is a fundamental membrane trafficking event in eukaryotes: It mediates the incorporation of proteins and lipids into the plasma membrane as well as the release of cargos to the extracellular environment. In most cells, exocytosis is polarized: Secretory vesicles generated from the TGN or endosomal compartments are targeted to specific regions of the plasma membrane by spatial cues and by traveling along cytoskeletal tracks. On reaching their destination, vesicles are tethered to the plasma membrane mediated by the exocyst complex, and eventually fuse to the plasma membrane through the involvement of SNARE proteins (Fig. 2) .
Tethering of Secretory Vesicles at the Plasma Membrane by the Exocyst
The exocyst is an evolutionarily conserved octameric protein complex consisting of Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70, and Exo84. Novick and Schekman identified genes encoding six members of the exocyst complex in the late 1970s using a genetic screen to isolate mutants involved in secretion in the budding yeast Saccharomyces cerevisiae (Novick et al. 1980) . These proteins were later identified as part of a high molecular weight complex Late stages of exocytosis at the plasma membrane. 1. Secretory vesicles carrying the Rab protein (red), v-SNAREs (red curves), and members of the exocyst complex (green) are delivered to the plasma membrane along the cytoskeleton (red lines) via motors (blue). 2. The vesicle is tethered to the plasma membrane by the exocyst complex. 3 and 4. The t-SNAREs (blue curves) on the plasma membrane bind to v-SNAREs on the vesicle, and the assembly of the SNARE complex drives membrane fusion.
Membrane Organization and Dynamics in Cell Polarity
Cite this article as Cold Spring Harb Perspect Biol 2009;1:a001321 (Bowser and Novick 1991; Bowser et al. 1992; TerBush and Novick 1995; TerBush et al. 1996) . The exocyst complex is conserved from yeast to mammals: All eight exocyst subunits share sequence homology across species (Ting et al. 1995; Hsu et al. 1996; Kee et al. 1997; Guo et al. 1997; Guo et al. 1999a; Matern et al. 2001) . In yeast, exocyst mutants accumulate post-Golgi secretory vesicles in the cell (Novick et al. 1980; Guo et al. 1999a; Zhang et al. 2005a; He et al. 2007a ). In Madin-Darby canine kidney (MDCK) cells, the exocyst has been shown to mediate exocytosis at the basolateral and apical domains (Grindstaff et al. 1998; Oztan et al. 2007 ). In adipocytes, the exocyst mediates exocytosis of the glucose transporter Glu4 in response to insulin stimulation (Inoue et al. 2003) . Biochemical and genetic analyses in yeast suggest that the exocyst functions at a step after the delivery of secretory vesicles to the plasma membrane but before the assembly of the SNARE complex and vesicle fusion (Grote et al. 2000) . Thus, the exocyst complex likely functions as a tether that mediates the initial contact between the secretory vesicles and the plasma membrane before docking and fusion (Pfeffer 1999; Hsu et al. 2004; He and Guo 2009) .
The localization of the exocyst usually corresponds to sites of active exocytosis and cell surface expansion. During yeast budding, the exocyst is localized to the "bud tip," the site of daughter cell surface expansion (TerBush et al. 1995; Finger et al. 1998; Guo et al. 1999a ). This polarized pattern of localization stands in contrast to that of t-SNAREs, which are distributed along the entire plasma membrane (Brennwald et al. 1994) . In plants, exocyst subunits are localized at the apex of growing pollen tubes (Hála et al. 2008) . In mammalian cells, although the exocyst mostly localizes to internal membrane compartments such as Golgi and recycling endosomes Ang et al. 2003; Fölsch et al. 2003; Oztan et al. 2007) , it is recruited to designated regions of the plasma membrane where active exocytosis and membrane expansion occur. For example, in neurons undergoing differentiation or synapse formation, the exocyst is enriched at the expanding neurites and discrete puncta along axons where synapses are forming (Hsu et al. 1996; Kee et al. 1997; Hazuka et al. 1999; Vega and Hsu, 2001; Brown et al. 2001; Murthy et al. 2003) . In migrating cells, the exocyst is recruited to the plasma membrane at the leading edge (Zuo et al. 2006; Rosse et al. 2006) . During the formation of epithelial cell monolayers, the exocyst is recruited to the plasma membrane at sites of cell -cell contact (Grindstaff et al. 1998) , where it targets vesicles that carry proteins to the basolateral domain. The selective targeting of secretory vesicles to the basolateral domain beneath the cell -cell junction is important for the formation of epithelial monolayers (Grindstaff et al. 1998) . The localization of the exocyst suggests that it is a target of signaling molecules that spatially regulate exocytosis at sites of membrane expansion.
It was proposed that two of the exocyst subunits, Exo70 and Sec3, function as landmarks at the plasma membrane for the remaining exocyst components, which arrive on postGolgi secretory vesicles along the actin cables (Boyd et al. 2004) . The assembly of the exocyst complex may tether secretory vesicles to the plasma membrane. Recently, it was found that the yeast Exo70 (He et al. 2007b ) and Sec3 ) bind directly to PI(4,5)P 2 on the plasma membrane. This proteinlipid interaction is conserved from yeast to mammals (Liu et al. 2007 ). These interactions play a critical role in recruiting Exo70, Sec3, and ultimately the other exocyst components to the plasma membrane for vesicle tethering (Fig. 3 ).
Spatial and Kinetic Control of Membrane Trafficking by Small GTPases
Exocytosis is tightly controlled in eukaryotic cells. Because vesicle tethering takes place before SNARE-mediated membrane fusion, spatial and temporal regulation of the exocyst is crucial to determining where and when exocytosis takes place. Consistent with this notion, the exocyst has been found to be under the control of a number of small GTPases in a variety of cells (for review, see Novick and Guo 2002; Lipschutz and Mostov 2002) . In this article, we focus on the roles of the Rab and Rho proteins.
The Rab Family of Small GTP-binding Proteins
The Rab GTPases are master regulators of membrane trafficking. Members of the Rab family are localized to distinct membrane compartments and control vesicular trafficking through their interactions with specific tethering proteins and the cytoskeleton (Zerial and McBride 2001; Grosshans et al. 2006) . Sec4 is a Rab protein that regulates exocytic traffic between the TGN and plasma membrane in yeast (Salminen and Novick 1987) . The exocyst component Sec15 directly interacts with the GTP-bound form of Sec4 (Guo et al. 1999b) . Through this interaction, Sec4 controls the assembly of the exocyst complex that is needed for the tethering of secretory vesicles at the plasma membrane. In other eukaryotes, Rab proteins such as Rab11 and Rab8, which are implicated in membrane trafficking to the plasma membrane, were also shown to interact with Sec15 (Zhang et al. 2004; Wu et al. 2005; Oztan et al. 2007) . Together, these studies suggest that the exocyst functions as a downstream effector of Rab proteins to mediate vesicle tethering at the plasma membrane in eukaryotic cells. Another downstream effector of Sec4 is Sro7, the yeast homolog of lethal giant larvae (lgl), implicated in epithelial polarity (Grosshans et al. 2006; see Prehoda 2009 ). Sro7 was shown to bind to the t-SNARE protein Sec9 and is implicated in SNARE assembly (Lehman et al. 1999; Hattendorf et al. 2007 ). Sro7 also directly interacts with the exocyst component Exo84; disruption of the Sro7-Exo84 binding in cells lead to intracellular accumulation of secretory vesicles and defects in cell morphogenesis (Zhang et al. 2005b) .
Plasma membrane Vesicle Figure 3 . The exocyst complex. Schematic representation of the exocyst complex tethering a vesicle to the plasma membrane. The exocyst components (Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70, and Exo84) are represented by blue rods. The GTPases are represented by red circles. Sec3 and Exo70 associate directly with the plasma membrane through their basic residues that bind to PI(4,5)P 2 . The Rab GTPase Sec4 binds to secretory vesicles, and interacts with the exocyst component Sec15. This interaction promotes the assembly of the exocyst complex at the plasma membrane. Sec3 is known to interact with Rho1 and Cdc42, whereas Exo70 interacts with Rho3. These small GTPases may regulate the polarization and activation of the exocyst at the plasma membrane.
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One of the Sec4 homologs in mammalian cells is Rab8, which selectively regulates basolateral membrane transport in kidney epithelial cells (Ang et al. 2003) . In fibroblasts, the guanine nucleotide exchange factor (GEF) for Rab8, Rabin8, was shown to regulate the remodeling of actin and formation of polarized cell surface domains (Hattula et al. 2002) . Recently, Rab8 and Rabin8 were shown to be involved in primary cilium formation, most likely by regulating polarized delivery and docking of secretory vesicles carrying ciliary proteins at the base of the cilium (Yoshimura et al. 2007; Nachury et al. 2007 ).
Besides their role in regulating vesicle tethering, Rab GTPases also interact with the cytoskeleton. In yeast, the Rab11 homologs, Ypt31 and Ypt32, are thought to regulate vesicle budding from the TGN (Jedd et al. 1997) . It was shown that the GTP-bound form of Ypt31/32 directly interacts with Myo2, a myosin V motor that mediates the polarized transport of secretory vesicles along actin cables; disruption of the interaction between Ypt31/32 and Myo2 blocks vesicle transport to daughter cells (Lipatova et al. 2008 ). Ypt31/32 may thus couple vesicle formation from the TGN with subsequent transport along actin cables to the bud tip. In mammals and Drosophila, Rab11 and its downstream effectors were shown to interact with myosin V, and this interaction directs the transport of proteins from the recycling endosomes to the apical domain of the plasma membrane in epithelial cells (Hales et al. 2002; Cresawn et al. 2007; Li et al. 2007; Nelson 2009 ). This conserved myosin-membrane coordination was later shown to be important for the transport of a number of proteins such as cystic fibrosis transmembrane conductance regulator (CFTR) in airway cells and AMPA receptors into spines during synaptic plasticity (Swiatecka-Urban et al. 2007; Wang et al. 2008; Correia et al. 2008 ).
Ypt32 has also been shown to interact with Sec2, the guanine nucleotide exchange factor (GEF) for Sec4 (Ortiz et al. 2002) . Similarly, in mammalian cells, Rab11 regulates the function of Rab8 through its GEF Rabin8 (Guo, unpublished results) . This "Rab cascade" may coordinate vesicle formation at the donor compartment with downstream vesicle docking and fusion at the plasma membrane.
The Rho Family of Small GTP-binding Proteins
The function of the Rho family of small GTPases, especially Cdc42, in polarized membrane traffic has been shown in mammalian and yeast cells (see Slaughter et al. 2009; Nelson 2009 ). In kidney epithelial cells, Cdc42 was shown to be involved in the trafficking of proteins to the basolateral plasma membrane (Kroschewski et al. 1999; Musch et al. 2001; Cohen et al. 2001) . Expression of Cdc42 mutants inhibits the exit of basolateral proteins from TGN (Müsch et al. 2001) and their recycling through the endosomes (Kroschewski et al. 1999) . Cdc42 probably functions together with Rab8 (see previous discussion) in the same trafficking pathway in epithelial cells. In yeast, Cdc42 is a central regulator for the establishment of cell polarity, and it controls polarized exocytosis by two major mechanisms. First, it regulates the polarized organization of the actin cables, on which secretory vesicles are delivered to the bud tip. This is achieved through its downstream effectors, including Bni1, that regulate actin dynamics (for review, see Pruyne et al. 2004a; Park and Bi 2007) . Second, Cdc42 regulates the localization and/ or activation of the exocyst complex (Zhang et al. 2001; Zhang et al. 2008) . In several cdc42 mutants, the exocyst loses its polarized localization (Zhang et al. 2001) . Biochemical analyses have revealed that the amino terminus of Sec3 directly interacts with Cdc42 in its GTP-bound state. Disruption of this interaction leads to secretion and polarity defects (Zhang et al. 2001; Zhang et al. 2008) . In addition to Cdc42, the amino terminus of Sec3 also interacts with another small GTPase, Rho1 ). Rho1 and Cdc42 compete with each other for their binding to Sec3 in vitro (Zhang et al. 2001) . Because Rho1 functions during cytokinesis (Tolliday et al. 2002) and cell wall remodeling (Cabib et al. 1998 ) in yeast, Rho1 may regulate Sec3 at a different cell cycle stage or physiological condition as Cdc42.
In addition to interacting with Cdc42, a polybasic region at the amino terminus of Sec3 also directly binds to PI(4,5)P 2 in the plasma membrane . Interestingly, swapping the amino terminus of Sec3 with the amino terminus of Gic2, a known downstream effector of Cdc42 that contains the well-characterized CRIB (Cdc42/ Rac Interaction/Binding) domain and a polybasic region, completely replaces the fulllength Sec3 function in yeast cells Orlando et al. 2008) . It is possible that the binding of Cdc42 and PI(4,5)P 2 to Sec3 helps recruit Sec3 to the bud tip. It is also possible that Cdc42 and phospholipids function together to optimally activate Sec3 for exocytosis during yeast budding. The synergy in which PI(4,5)P 2 acts together with GTP-binding proteins to activate downstream effectors has been observed in other biological situations such as N-WASP activation for actin polymerization (Rohatgi et al. 2000; Prehoda et al. 2000) .
Another piece of evidence for the role of Cdc42 in exocytosis came from the analysis of a specific allele of cdc42 mutant, cdc42-6 (Adamo et al. 2001) . In this mutant, postGolgi secretory vesicles accumulate in the cytoplasm at the restrictive temperature. It has been shown that yeast cells have at least two types of secretory vesicles that are delivered to the plasma membrane for exocytosis (Harsay and Bretscher 1995; Harsay and Schekman 2002) . The invertase vesicles carry proteins such as invertase, acid phosphatase, and possibly the general amino acid permease (Roberg et al. 1997) , which are secreted only under certain specific physiological conditions. The Bgl2 vesicles contain materials for plasma membrane expansion and cell wall remodeling such as the endoglucanase Bgl2. The cdc42-6 mutant only accumulates Bgl2 vesicles in the cell. Interestingly, all of the mutant alleles of the exocyst component Exo70 were also primarily defective in the secretion of Bgl2 vesicles, but not in the secretion of invertase vesicles (He et al. 2007a) . Furthermore, in both cdc42-6 and exo70 mutants, the vesicle accumulation phenotype was observed only in small-budded cells, suggesting that Cdc42 and Exo70 are critical for exocytosis during the early stages of asymmetric growth in yeast. Characterization of these mutants showed an intimate coupling between exocytosis and polarized cell growth. The phenotypic similarity of cdc42-6 and exo70 mutants also suggests that Exo70 and Cdc42 function in the same pathway, which is specifically activated to meet the demand for asymmetric cell growth in the daughter cell. Exo70 is likely under the control of Cdc42. How Cdc42 controls Exo70 function is unknown.
In addition to Cdc42, another Rho GTPase, Rho3, was reported to regulate exocytosis ). Furthermore, it was shown that Rho3 binds to Exo70 in its GTP-bound form (Robinson et al. 1999 ). However, Exo70 mutants that are deficient in Rho3 binding have no defect in exocytosis (He et al. 2007a; Hutagalung et al. 2009 ). The mechanism by which Rho3 regulates exocytosis remains unclear.
In mammalian cells, it was found that TC10, a homolog of Cdc42, interacts with Exo70, and this interaction was shown to be important for Glut4 incorporation to the plasma membrane in adipocytes in response to insulin signaling (Inoue et al. 2003) . Later studies showed that TC10 activity is coupled to vesicle fusion at the plasma membrane (Cheng et al. 2005; Kawase et al. 2006 ). Together, a conserved function of Cdc42/TC10 family proteins in exocytosis seems to be emerging.
Phosphoinositides Regulate Plasma Membrane Asymmetry
In addition to small GTPase proteins, another set of membrane traffic regulators are the lipids phosphatidylinositol (PI) and its phosphorylated species (see McCaffrey and Macara 2009). Different phosphoinositides are associated with different membrane compartments in the eukaryotic cell: PI(4,5)P 2 and PI(3,4,5)P 3 are mostly found at the plasma membrane, PI(3)P and PI(3,5)P 2 are associated with various types of endosomes, PI(4)P is associated with the Golgi, and PI(3,5)P 2 and PI (5) . The specific subcellular localization of each of these phospholipids not only contributes to defining the identities of these organelles, but also regulates trafficking at different membrane compartments by recruiting specific sets of effector proteins.
Here, we focus on the role of the plasma membrane phosphoinositides PI(4,5)P 2 and PI(3,4,5)P 3 as signaling molecules for cell polarity. The levels of PI(4,5)P 2 and PI(3,4,5)P 3 on the plasma membrane at a given site are regulated by PI4P 5-kinases, PI 3-kinase, and PTEN phosphatase, which add or remove, respectively, a phosphate from the inositol ring (Leevers et al. 1999) . One model system that has contributed significantly to our understanding of the role of phospholipids in the establishment of cell polarity is Dictyostelium discoideum. In resting cells, PTEN is localized uniformly along the plasma membrane, whereas PI 3-kinase is localized to the cytosol; during exposure to a gradient of chemoattractants, PI 3-kinase becomes localized to the leading edge of migrating cells, whereas PTEN is excluded from the leading edge and translocates to the lateral and posterior areas of the plasma membrane (Funamoto et al. 2002; Iijima and Devreotes 2002; Huang et al. 2003; Willard and Devreotes 2006) . High concentrations of PI(3,4,5)P 3 at the leading edge generated by PI 3-kinase recruit proteins with PI(3,4,5)P 3 -binding domains such as Akt, resulting in actin polymerization, pseudopod formation, and ultimately chemotaxis (Fig. 4A,B) . Cells lacking PTEN have defects in polarization and chemotaxis (Iijima and Devreotes 2002) . In addition to Dictyostelium, PTEN, PI(4,5)P 2 , and PI(3,4,5)P 3 have been found to play important roles in directional migration of other cell types. For example, PI(3,4,5)P 3 is localized to the leading edge of neutrophils and the growth cone of developing neurons (Servant et al. 2000; Li et al. 2003; Shi et al. 2003; Aoki et al. 2005) . Deletion of PTEN in Caenorhabditis elegans or overexpression of PTEN in hippocampal neurons results in aberrant polarization (Jiang et al. 2005; Adler et al. 2006) . Similarly, epithelial membrane asymmetry involves phosphoinositides and Cdc42. In polarized Madin-Darby canine kidney (MDCK) cells, PI(3,4,5)P 3 is localized to the basolateral membrane (Gassama-Diagne et al. 2006; Martin-Belmonte et al. 2007 ). Studies using a three-dimensional cystogenesis model showed that PTEN localizes to the apical membrane during epithelial morphogenesis, where it excludes PI(3,4,5)P 3 from this domain (Martin-Belmonte et al. 2007) (Fig. 4B,D) . It was further shown that PI(4,5)P 2 recruits the adaptor protein annexin2 to the apical domain, which in turn recruits Cdc42 and its downstream effector, the aPKC/Par6 complex. Pinal and colleagues showed that the aPKC/ Par3/Par6 complex recruits PTEN to the developing cell-cell junctions in Drosophila photoreceptor epithelial cells, and this finetuning of PI(3,4,5)P 3 level is important for apical morphogenesis (Pinal et al. 2006) . It is interesting to note that Cdc42 activation of the aPKC/Par3/Par6 complex has also been shown to play an essential role in cell polarization during migration (for review, see Etienne-Manneville et al. 2005) .
Ectopic insertion of PI(3,4,5)P 3 to the apical domain of polarized MDCK cells was shown to induce protrusion of membranes enriched with basolateral markers, whereas exogenous PI(4,5)P 2 targets apical proteins to the basolateral domain (Gassama-Diagne et al. 2006; Martin-Belmonte et al. 2007) . It is likely that vesicular trafficking events such as transcytosis redirect membrane protein incorporation to the apical or basolateral membranes in response to a shift in the local ratio of phosphoinositides. As mentioned earlier, in both yeast and mammalian cells, exocyst components Sec3 and Exo70 interact directly with PI(4,5)P 2 , and this interaction is important for vesicle tethering at the plasma membrane during exocytosis (He et al. 2007b; Liu et al. 2007; Zhang et al. 2008) . It is therefore likely that secretion machinery such as the exocyst complex is recruited to specific domains of the plasma membrane for exocytosis. Indeed, the exocyst has been shown to be involved in secretion at both the basolateral and apical domains (Grindstaff et al. 1998; Blankenship et al. 2007; Oztan et al. 2007; Cresawn et al. 2007) .
In summary, different membrane phospholipids are enriched to distinct membrane compartments by the action of specific phosphatidylinositol kinases and phosphatases. Although the details differ between species and cell type, phospholipid localization plays a pivotal role in the regulation of cell polarity.
THE ROLE OF MEMBRANE TRAFFIC IN THE DEVELOPMENT OF CELL POLARITY
Although membrane activity is spatially and kinetically controlled by polarity regulators, membrane traffic itself is a major contributing factor to cell polarization. Researchers in the field investigate the role of membrane traffic in cell polarity from two different angles. First, protein-sorting machinery at the trans-Golgi network and endosomal compartments together with their regulators such as Cdc42 direct the delivery of different proteins to distinct domains of the plasma membrane, thus contributing to the maintenance of cell surface asymmetry. Second, membrane trafficking is needed for the discrete distribution of key polarity regulators. The first aspect, involving protein sorting, has been discussed in two excellent reviews (Rodriguez-Boulan et al. 2005; Mellman and Nelson 2008 ; also see Nelson 2009 ). Here, we focus on the second aspect using two well-studied examples: polarization of Cdc42 in budding yeast and junctional localization of E-cadherin in epithelia.
Polarization of Cdc42 by Membrane Traffic in Budding Yeast
Cdc42 is highly conserved across species and is a master regulator of cell polarity in many eukaryotes ( . The actin-dependent Cdc42 polarization was also confirmed by studies using antibodies against endogenous Cdc42 (Irazoqui et al. 2005; Zajac et al. 2005; Kozminski et al. 2006) . Mathematical simulation using the yeast system supports the hypothesis that local activation of Cdc42, subsequent actin polymerization through downstream Cdc42 effectors, and vesicular transport provide a positive feedback loop that leads to cell polarization (Wedlich-Soldner et al. 2003) .
Further crosstalk between the polarity establishment complex and vesicular trafficking was characterized: Mutations in the Rab protein Sec4 or the exocyst component Sec5 not only lead to mislocalization of Cdc42, but also of Bem1, suggesting that exocytosis is necessary for the reinforcement of the adaptor-based signaling network (Zajac et al. 2005) . Interestingly, the exocyst was found to interact with Bem1 in yeast lysates (Zajac et al. 2005 ). France and colleagues further showed that the carboxyl terminus of Sec15 directly binds to Bem1 (France et al. 2006) . These data suggest that the exocyst and the polarity-establishment complex coordinate to control secretion and polarized growth.
Although exocytosis is important for the delivery of proteins to sites of cell polarization, endocytosis is also needed to counterbalance the continuous diffusion of these proteins along the plasma membrane. Polarization of membrane proteins results from a balance of exocytosis and endocytosis (Irazoqui et al. 2005; Marco et al, 2007) . Endocytosis allows cargo to be internalized, in which it can then be recycled back to the site of polarization through the secretory pathway. It was shown that although depolymerization of all F-actin prevented polarization of most proteins at the bud tip, it did not prevent polarization of Cdc42 (Ayscough et al. 1997; Irazoqui et al. 2003) . It was later shown that selective depolymerization of actin cables, but not actin patches, caused dispersal of Cdc42 from the bud tip (Irazoqui et al. 2005; Pruyne et al. 2004b) . Actin patches are associated with sites of active endocytosis. Irazoqui et al. found that inhibition of endocytosis reduced dispersal of Cdc42 from the bud tip after loss of actin cables. This result suggests that a balance of exocytic and endocytic events controls Cdc42 polarization, and that continuous polarized transport of Cdc42 is necessary to counteract the effect of endocytosis.
In addition to endocytosis, small GTPases are recycled off the membrane and released into the cytoplasm through the action of a GDP disassociation inhibitor (GDI). In the fungus Cryptococcus neoformans, Cdc42 is mislocalized to the cytoplasm when the Rho GDI homolog is overexpressed (Price et al. 2008) . This is consistent with published data that recombinant Rdi1 or overexpressed Rdi1 in yeast can extract Rho proteins from the plasma membrane or vacuole membrane (Eitzen et al. 2001; Tcheperegine et al. 2005; Tiedje et al. 2008) . Therefore, recycling through GDIs may, like endocytosis, play an important role in the establishment and maintenance of polarity.
Overall, the constant cycle of endocytosis and exocytosis, together with GDI extraction, is important for maintaining cell polarity during yeast budding. This dynamic process may also be important in situations such as yeast mating projection formation, in which cells need to be flexible while responding to new polarity cues. Although we use Cdc42 as an example to illustrate the role of vesicular trafficking in cell polarity, other small GTPases have also been shown to exploit a similar mechanism. In hippocampal neurons, a positive feedback loop involves the small GTPase HRas and its downstream effector, PI 3-kinase. Ras activity at the site of axon formation activates PI 3-kinase, whereas increases of PI(3,4,5)P 3 level result in further recruitment and activation of HRas at the axon site through targeted vesicular transport (Fivaz et al. 2008) .
Membrane Trafficking of E-cadherin
In multicellular organisms, cell-ECM and cellcell interactions are involved in establishing polarity. In general, epithelial cells grown in conditions lacking these interactions do not polarize but instead die by anoikis or develop into a tumor. E-cadherin, a member of the Ca 2þ -dependent adhesion receptor family, is one of the most important junction proteins for the establishment and maintenance of the apical-basolateral asymmetry in epithelial cells (Gumbiner 1996; Gumbiner et al. 1988; Larue et al. 1994; Uemura et al. 1996) . E-cadherin engagement is necessary for localization of the exocyst. Members of the exocyst complex are recruited to the membrane during the initiation of cell polarity in MDCK cells and are associated with junctional complexes containing E-cadherin (Grindstaff et al. 1998; Yeaman et al. 2004 ). Nejsum and Nelson found that E-cadherin orients microtubules to direct vesicle trafficking from the Golgi to the basolateral membrane, and recruits a "targeting patch" including the exocyst to tether vesicles to the basolateral domain (Nejsum and Nelson 2007) .
Although functioning as a regulator of polarized trafficking, E-cadherin itself is delivered via secretory vesicles as cargo to sites of polarity. Membrane trafficking pathways, including Golgi sorting, exocytosis, and later endosomal recycling, regulate polarized localization of E-cadherin to adherens junctions. E-cadherin contains sorting signals such as the dileucine motif that control its targeting to the basolateral domain in attached cells at the point of the Golgi complex and recycling endosomes (Miranda et al. 2001; Miranda et al. 2003) . Proper localization of the exocyst in epithelial cells is necessary for the specific delivery of basolateral proteins characteristic of polarized cells, including E-cadherin (Grindstaff et al. 1998; Langevin et al. 2005) ; inhibition of exocyst function results in intracellular accumulation of E-cadherin (Langevin et al. 2005; Blankenship et al. 2007) .
Adherens junctions must function to maintain the integrity of an epithelial monolayer, yet be flexible during tissue remodeling. Fluorescence recovery after photobleaching (FRAP) studies showed that proteins in epithelial junctions undergo dynamic remodeling even at steady state (Yamada et al. 2005; Shen et al. 2008 ). E-cadherin, an important member of the adherens junction, is dynamically regulated through endocytic recycling (for review, see Yap et al. 2007 ). Le et al. observed that the pool of E-cadherin undergoing endocytosis and recycling is increased in cells that either do not have or have lost cell-cell contacts, and that reformation of adherens junctions was inhibited when E-cadherin endocytosis was blocked (Le et al. 1999) . Later studies found that recycling endosomes and the GTPase Rab11, a regulator of recycling endosome trafficking, control Ecadherin recycling and epithelial cell polarity (Classen et al. 2005; Desclozeaux et al. 2008 ). This continuous opposing traffic of E-cadherin between cytoplasmic pools and adherens junctions may allow the cell to better respond to changes in polarity cues. In conclusion, not only does E-cadherin regulate polarized exocytosis in epithelial cells, but also its own polarized localization is regulated by a number of different processes.
In addition to E-cadherin, other junctional proteins and polarity regulators also need dynamic membrane traffic for their localization and function. For examples, Rab13 was found to mediate endocytic recycling of occludin, thus regulating tight junction assembly (Terai et al. 2008) . In Drosophila, mutations in endosomal proteins including Rab5 affect the localization of key polarity determinants such as Crumbs and cause polarity defects and eventually neoplastic tumors (Lu and Bilder 2005) ; loss of the exocyst component Exo84 resulted in the mislocalization of Crumbs and affected apical identity (Blankenship et al. 2007 ).
The importance of membrane traffic in cell polarity has been shown not only in yeast budding and epithelial polarization, but also in a number of other physiological processes. For example, directional cell migration needs polarized membrane trafficking (Singer and Kupfer 1986; Bretscher 1996; Bretscher and Aguado-Velasco 1998) . Inhibitors that disrupt membrane traffic inhibit cell motility (Bershadsky and Futerman 1994; Prigozhina and Waterman-Storer 2004) . During cell migration, adhesion proteins such as integrins are rapidly endocytosed from the trailing edge of migrating cells, and subsequently exocytosed at the leading edge for substratum reattachment (for review, see Caswell and Norman 2006) . The recycling of b1 integrin through membrane trafficking is important for cell motility, and more importantly, for the directional persistence of migration (Roberts et al. 2001; Powelka et al. 2004; Proux-Gillardeaux et al. 2005; Tayeb et al. 2005; Li et al. 2005; Caswell and Norman 2006) . Similarly, cells with disruption of the exocyst component Exo70 also fail to maintain their direction during migration (Zuo et al. 2006) . Recently, the role of Golgi in cell polarization was better appreciated. Disruption of Golgi structure and positioning in the cell not only affects polarized secretion, but also affects centrosome orientation and polarity during cell migration (Bisel et al. 2008; Yadav et al. 2009 ). Taken together, as was the case in yeast budding and epithelial polarization, membrane trafficking is important for the maintenance of polarity during cell migration.
FUTURE PERSPECTIVES
Studies using a variety of model systems over recent years have led to a better understanding of membrane organization and dynamics during cell polarization. These studies highlight the importance of the membrane traffic, cytoskeleton, and signaling proteins that spatially and kinetically regulate the generation and maintenance of asymmetric organization of the plasma membrane. Although we focus on the organization and dynamics of the plasma membrane in this article, other membrane aspects such as protein sorting and lipid composition also play essential roles in cell polarity.
There are still a number of important questions that remain unanswered in the field. Although we have now identified many key players that are involved in the organization of the membrane during cell polarization, how they interact with each other and the molecular mechanisms of their actions remain unclear. For example, at which stage does Cdc42 act on membrane traffic? How are membrane organization and cytoskeleton dynamics (illustrated in Mullins 2009) coordinated during cell polarization? Polarized membrane trafficking has been implicated in a number of biological processes, such as cell migration, cytokinesis, and ciliogenesis. How the secretion machinery is used and regulated during these processes are unclear. Many polarity regulators are implicated in diseases such as tumorigenesis. In fact, several proteins such as lgl and Scribble were originally identified as tumor suppressors. It will be interesting to investigate how the loss of cell polarity is linked to tumorigenesis, and whether any of these polarity proteins could be potential drug targets for cancer treatment.
